The cystic fibrosis transmembrane conductance regulator (CFTR) is an unusual ABC transporter, functioning as a chloride channel critical for fluid homeostasis in multiple organs. Disruption of CFTR function is associated with cystic fibrosis making it an attractive therapeutic target. In addition, CFTR blockers are being developed as potential antidiarrheals. CFTR drug discovery is hampered by the lack of high resolution structural data, and considerable efforts have been invested in modeling the channel structure. Although previously published CFTR models that have been made publicly available mostly agree with experimental data relating to the overall structure, they present the channel in an outward-facing conformation that does not agree with expected properties of a "channel-like" structure. Here, we make available a model of CFTR in such a "channel-like" conformation, derived by a unique modeling approach combining restrained homology modeling and ROSETTA refinement. In contrast to others, the present model is in agreement with expected channel properties such as pore shape, dimensions, solvent accessibility, and experimentally derived distances. We have used the model to explore the interaction of open channel blockers within the pore, revealing a common binding mode and ionic interaction with K95, in agreement with experimental data. The binding-site was further validated using a virtual screening enrichment experiment, suggesting the model might be suitable for drug discovery. In addition, we subjected the model to a molecular dynamics simulation, revealing previously unaddressed salt-bridge interactions that may be important for structure stability and pore-lining residues that may take part in Cl − conductance.
■ INTRODUCTION
The cystic fibrosis transmembrane conductance regulator (CFTR) lies at the basis of the disorder cystic fibrosis (CF) and also conditions such as acute watery diarrhea (AWD). CF is the most common lethal disease among European descendants that is caused by a single-gene mutation, 1 and AWD becomes a major public health concern when access to clean water supply is scarce such as in natural disasters. 2 Infectious-based AWD is also the second most common cause of infant mortality worldwide. 3 The CFTR gene was first identified in 1989, in region q31.2 on the long arm of human chromosome 7. The gene contains 27 exons encoding a protein of 1480 amino acids: a chloride efflux channel mostly found in the lumen-exposed surface of epithelial cells. 4 Deletion of CFTR protein content or a decrease in its activity in epithelial cells of CF patients causes hyperabsorption of sodium chloride and a reduction in the periciliary salt and water content, thus impairing mucociliary clearance. 5 To date, over 1900 mutations in the CFTR gene have been identified with the most common being a deletion of a single amino-acid, F508, which is found in at least one allele of ∼90% of CF patients. 6 Structurally, CFTR is a member of the human subfamily C of the ATP-Binding Cassette (ABC) transporter family, unique in being the only family member known to function as an ion channel. 7 CFTR topology is similar to that of other ABC transporters (Figure 1 ), comprising two membrane spanning domains (MSDs), each linked through intracellular loops (ICLs) to a nucleotide binding domain (NBD). MSD1 contains transmembrane helices (TM) 1−6 and MSD2 contains TMs 7−12. Uniquely to CFTR, NBD1 and MSD2 are connected by a partially unstructured regulatory domain (Rregion), which must be phosphorylated to enable channel gating. 8 The F508del mutation in the first NBD almost completely abolishes correct cellular processing of CFTR in CF patients, probably by disrupting interdomain contacts required for the stability and correct folding of the multidomain protein, 9−11 as well as destabilizing NBD1 itself. 12, 13 Most of the F508del mutant protein is targeted for endoplasmic reticulum-associated degradation (ERAD), and the few channels that make it to the plasma membrane are characterized by a reduced open probability and thermal instability, being rapidly endocytosed and targeted for lysosomal degradation. 14 CFTR is an important component in AWD because the channel can become overstimulated, e.g. by cholera toxin, resulting in exaggerated ion transport and rapid water loss. 2 Currently there is no fast, effective treatment for AWD, with conventional rehydration therapies still being the best option. 2 Therefore, the discovery of a viable drug that specifically targets and inhibits CFTR could mean a new and efficient treatment for AWD. Efforts to develop a potent and bioavailable CFTR inhibitor recently culminated in the initiation of phase-I clinical trials with the iOWH032 by OneWorld Health. 2 Several chemical series of CFTR inhibitors have been discovered so far by high throughput screening, including thiazolidinones, glycine hydrazides, and pyrimido-pyrrolo-quinoxalinediones. 15−18 These operate via distinct interaction modes with CFTR: thiazolidinones and pyrimido-pyrrolo-quinoxalinediones blocking from the intracellular side and glycine hydrazides operating at the extracellular side. 18, 19 In the absence of a high resolution structure of CFTR, structural models could facilitate further understanding of inhibitor interaction modes as well as discovery of novel channel blockers.
Several homology models of CFTR have previously been published, some of which have had their coordinates publicly released, e.g.,refs 20−22, while others have not, e.g., refs 23 and 24. To our knowledge all of these models have been based on the crystal structure of the Sav1866 bacterial transporter, 25 except for one. 22 This exception was modeled based upon the low-resolution closed apo-structure of the MsbA transporter, and, as such, modeled CFTR in a "closed" inactive state. As a consequence, it is not relevant here in terms of reaching a channel-like structure of "active" CFTR. In addition, due to the nature of the template utilized, it may suffer from low accuracy. While the models based on Sav1866 are in agreement with a large body of experimental data, demonstrating that Sav1866 is an adequate homology modeling template for CFTR, the majority of these present CFTR in the Sav1866 "outwardfacing" conformation. 25 This corresponds to a wide barrelshaped channel structure which lacks the previously proposed architecture comprising outer and inner vestibules separated by a narrow region containing the chloride-specific selectivity filter 23,24,26−28 (Supporting Information (SI) Figure S1 ). One exception to this may be a model that was published while our manuscript was being reviewed. 24 This model is a modified version of one previously published 23 and may possibly be the first that displays an approximately correct CFTR architecture, including a narrow pore region. However, as the coordinates of this newly published model have not been publicly released, a detailed examination of its architecture is not possible. A potential limitation of this recent model is a premature termination of the conduction path at the cytoplasmic end with no apparent point of entry, which the authors attribute to the properties of the Sav1866 structural template. 24 In addition, the authors report that some of the MD conformations are too constricted to allow for chloride ion passage through the selectivity filter region. 24 Our objective in this study was to provide an improved representation of the ion conducting conformation of CFTR, by deriving a "channel-like" conformation from the Sav1866 outward-facing structure, possessing a continuous pore as well as complete inner and outer vestibules separated by a physically plausible narrow region corresponding to the proposed selectivity filter. 23,24,26−28 This was accomplished by using a unique modeling protocol incorporating pore chloride ions and guided by an extensive set of experimentally derived constraints based on pore dimensions, salt-bridges, inter-residue crosslinking distances, and residue accessibility. The motivation for this project was twofold: first, such a model could provide further structural insight into the function of CFTR and its malfunction in CF; and second, it could conceivably provide an improved structure-based framework for the design of CFTR channel blockers as potential antidiarrheals, 29 as well as CFTR modulators as potential CF therapeutics. 30 
■ RESULTS
CFTR was modeled using a combination of restrained homology modeling and ROSETTA refinement. 31 In the first modeling stage, ten initial outward-facing models with chloride ion columns inserted in their respective pores were generated by homology modeling based on the Sav1866 template. Given the low sequence similarity at the TM domains between CFTR and the available structural templates (<14% identity in the TMDs), detection and pairwise alignment of TM helices was performed by consensus analysis of several prediction methodologies, combined with evolutionary conservation and hydrophobicity analysis (see the Methods section and the SI).
In the second modeling stage, carefully designed constrained ROSETTA refinement was applied to three of the best outward facing structures, effectively transforming them into more channel-like compact conformations while refraining from collapsing their pores ( Figure 2 and Methods section). This was achieved by the continued inclusion of respective chloride columns during the refinement process and involved the generation of 1200 different model structures in total.
Thirty models with the most favorable ROSETTA-score and channel-like structure (principally regarding TM salt-bridges and overall pore geometry calculated with HOLE2 33 ) were subsequently subjected to rigorous analysis according to the following criteria: (1) quality of experimentally suggested salt bridge and hydrogen-bond interactions (SI Table S1 ) as well as salt bridges restrained during modeling (see Methods section); (2) channel pore dimensions calculated with HOLE2 and comparison to experimental data; (3) degree of consistency with all pairwise distances derived from experimental crosslinking data (SI Table S2 ); (4) agreement with experimental residue accessibility data (SI Table S3 ).
The three best channel-like structures surviving these filters were further scrutinized by molecular docking. Five previously identified anionic open channel blockers (glibenclamide, NPPB, lonidamine, DNDS, TLCS) have been suggested experimentally to block the channel from the intracellular side, binding within the lower vestibule and forming ionic interactions with K95. 26 Two additional anionic blockers (mitiglinide and meglitinide) have also been found to block from the intracellular side but their ability to block K95 mutants has not been tested. 34 We docked all seven known open channel blockers (Figure 3 ) into the three alternative channel-pore structures using Glide 35, 36 (see Methods section). Of the three models, one was found to out-perform the other two in terms of producing experimentally supported blocker binding modes. Specifically, in this top performing model, poreblocking poses were found in which ionic interactions are formed with K95.
Final Modeling Stage: Construction of an Integrated Model. The three surviving models showed different strengths and weaknesses when evaluated by all of the above criteria. Realizing that the conformational sampling procedure described above is not ergodic and strongly depends on initial conditions, an integrated model was constructed by combining the strong points of the two top scoring models. The third model was discarded as it was systematically out-performed by the other two.
CFTR model integration was accomplished using multitemplate homology modeling with Prime, 36 with one model providing the template for TM10, TM11, and interconnecting loop (better agreement with F508 related distance constraints), and the other providing a template for the rest of the structure (superior blocker docking results). Using Prime ensured that the respective sidechain orientations from each of the two templates were preserved in the combined model. Prime sidechain refinement was performed on the grafted TM10− TM11 and proximal residues (using a 3 Å cutoff) to relieve unfavorable contacts at the seam line between template structures.
Evaluation of the Integrated Model. The final integrated model was re-evaluated using the above criteria. In this model, the expected channel topology is clearly visible (Figure 4 ) with the narrowest region about 4.5 Å in diameter, which is in line with a previously made suggestion of ∼5 Å. 23 The outer vestibule is dominated by R334 as previously suggested by Smith et al. 28 and by Linsdell. 26, 27 Narrowing starts cytosolically to T338 (TM6) in agreement with the results of Alexander et al. 23 and Norimatsu et al., 24 progresses through the selectivity conferring S341 (TM6), and culminates at M348 (TM6). The narrowest region of the modeled pore stretches down to W1145 (TM12) and is dominated by the following pore-lining residues: TM6 residues I344, V345, and M348, which were found to be of limited accessibility to thiol-reactive probes 23 (SI Table S3 ), TM12 residues S1141 and M1137, which were suggested as pore-lining, 37, 38 Ser877 (TM7) and W1145 (TM12) for which no functional data has so far been published, and the structural R352, forming a salt bridge with D993. 39 Widening of the inner vestibule begins cytosolically to W1145.
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NBD1 and NBD2 are observed to be in a tight head-to-tail conformation ( Figure 5 ) in compliance with experimental cross-linking data (SI Table S2 ), and the predicted hydrogenbond between R555 (NBD1) and T1246 (NBD2) 40 is clearly observed (SI Table S1 ).
TM6 Accessibility. Due to the important contribution of TM6 to pore structure and function, a solvent accessibility assessment of TM6 residues was performed. Twenty-four TM6 residues were individually mutated to Cysteine in a sequential manner using Maestro, 36 followed by NACCESS 42 calculations on each mutant. The accessibility of the SG atom was then compared with experimental results describing the reactivity of each cysteine with thiol reactive probes. Setting a cutoff of 20 Å 2 to predict experimental accessibility based on the NACCESS calculation results in good predictive power with a true positive rate = 0.6 and a true negative rate = 1 (Table 1) . This prediction scheme classifies 9 out of 11 positions of limited accessibility as inaccessible. Since these positions can only be modified by small permeant probes, we believe this can still be viewed as providing a good estimate of channel dimensions.
Binding Modes of Open Channel Blockers. When docking the seven open channel blockers, highly overlapping pore blocking binding modes are obtained in the integrated model, forming ionic interactions with K95 ( Figure 6 ) (topscoring pose except number 3 for meglitinide and number 2 for NPPB and DNDS). This is in excellent agreement with the experimentally proposed mode of interaction for glibenclamide, NPPB, lonidamine, DNDS, and TLCS. 26 In addition, this 41 A tight head-to-tail NBD configuration, which is necessary for the active state, is observable. ). Unreactive: does not react with any of the tested probes. Predicted reactivity is based on a 20 Å 2 atom accessibility cutoff. These predictions correspond to a true positive rate = 0.6 and a true negative rate = 1. provides a functional prediction for mitiglinide and meglitidine, which are known to block from the intracellular side but have not yet been tested for interaction with specific amino acids. 34 All of the docked open channel blockers also share an aromatic/hydrophobic interaction with W1145 and a cation-π/ hydrophobic interaction with R352. While R352 has an important structural role, no functional data is yet available for W1145. Additional residues implicated in individual blocker binding are S877 and Q353.
Virtual Screening. A virtual screening (VS) enrichment experiment was performed in order to test the model's ability to discriminate known open channel blockers from a set of random compounds. First, a database was built by extracting 1643 random drug-like compounds, all possessing at least one negatively charged chemical group (common to known blockers and potentially essential for interaction with K95), from the diverse Maybridge screening collection. 43 The following chemical property ranges were used in library focusing: MW < 600 (the known blockers range from 300 to 560 Da), hydrogen-acceptors ≤ 10 (known blockers ranging from 3 to 10), hydrogen-donors ≤ 5 (known blockers ranging from 0 to 2), and number of negatively charged groups ≥ 1 (known blockers ranging from 1 to 2). This ensured "drug likeness" but also allowed significant diversity inherent to the Compound preparation, filtering, and docking of the 1643 decoy molecules in the database were performed as described in Methods, in an identical manner to that done for the seven known blockers. A single pore-blocking pose interacting with K95 was extracted for each docked compound using constraints incorporated into Glide and implemented postdocking. These constraints included a requirement for ionic interaction with K95 and a set of 3 Å spherical positional constraints defined along the chloride column (see Methods section). The constraints were first applied to the seven known blockers and proved capable of extracting the best pose previously obtained in the unconstrained docking run.
In addition to the seven known blockers, 1438 compounds out of the 1643 compound library survived the pose filter after initial screening; the rest did not have an ionic interaction with K95 or did not adopt a pore blocking pose. Both Glide GScore and a score measuring the Coulombic interaction with K95 produced efficient enrichments of the known blockers ( Figures  7A and 7B , respectively), with respective EF 100% values of 1.7 and 5.4 (enrichment factor = fraction of actives found/fraction of library, with EF 100% corresponding to the retrieval of 100% of the known blockers). An even better enrichment was obtained with a consensus scoring approach, applying cutoffs based on the scores obtained for the known blockers: (1) Glide Score < −5.0 kcal mol
; (2) Coulombic interaction energy with K95 < −44 kJ mol −1 . Merely 226 library compounds (15.6%) survived this new screening filter, including all of the known blockers. This corresponds to an EF 100% of 6.3 with all known compounds found within 15% of the screened library. This suggests the model has a significant discriminatory ability in selecting for active compounds.
Molecular Dynamics Simulation. The model was subjected to a 75 ns MD simulation in an explicit, hydrated, lipid bilayer. The system was first equilibrated for 30 ns with a restrained chloride column maintained in the pore (see MD simulations in Methods). Since the number of chloride ions that pass simultaneously through the CFTR pore is not known, we assumed that they pass through the channel one at a time, and modeled the chloride column as having a single ionic charge distributed along the 20 comprising ions (see MD simulations in Methods). At the end of this simulation phase, the chloride column was removed and the system was equilibrated with gradually reducing constraints on the protein backbone for 15 ns allowing for the progressive formation of a water column solvating the pore (see Methods). This was followed by a final 30 ns unconstrained production run. During production, the channel was observed to undergo gradual structural reorganization, mainly involving the motion of porelining sidechains and their interaction with the unconstrained water column. The backbone of the TMs showed only minor fluctuation and appeared to stabilize over the course of the simulation, suggesting convergence may have been reached (SI Figure S5) . As a result of these structural changes, the narrow selectivity-conferring region was seen to extend in length toward the outer vestibule, reaching a maximum length of two helical turns with an approximate diameter of 4 Å at its narrowest point (Figure 8 ). Several residues were observed to line the narrow region of the pore with the most significant being S341, I344, and V345 of TM6; T1134, M1137, N1138, and S1141 of TM12; L881 of TM8; and P99 of TM1. The location of these particular residues is mostly in agreement with experiment, which suggests that all are pore-lining 23, 37, 38 (and conductance modulating in the case of P99 44 and S341 45, 46 ). The exceptions are L881 for which there is no information, and N1138 where our results are in conflict with data that implies this residue does not have a pivotal role in the pore.
37
K95 lies at the entrance of the narrow region on the innervestibule side and may play a role in attracting chloride ions into the selectivity-conferring zone. 26 The simulation reveals that neighboring E92 may play a role in modulating conductance by competing with chloride ions for interaction with K95. During the simulation, a change in the channel conformation with respect to the starting structure was observed in the outer vestibule, with TM1 and TM6 moving closer together, reducing the diameter of the pore in the vicinity of F337 and T338 from 8.6 to 4.9 Å. During this shift, F337 and T338 also maintained their solvent accessibility, making them likely to be involved in anion selectivity as experimental data suggests. 47, 48 In addition, the maximal outer-vestibule pore diameter (as measured adjacent to R334) was reduced from 9.8 to 5.9 Å. However, the maximal inner-vestibule pore diameter remained more consistent, shifting from only 9.5 to 8.2 Å. Regarding the overall channel structure, the five salt-bridges restrained during initial modeling (experimentally supported salt-bridges R352-D993 39 and R347-D924, 49 as well as R134-E1104, R1102-D1154, and D873-R933) all remained stable and intact during the simulation. 
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■ DISCUSSION
The current model of CFTR agrees with previously proposed channel properties, including a distinct outer vestibule followed by a narrow selectivity-conferring region and an inner vestibule wide enough to accommodate open channel blockers. This is in contrast to previously published models that have been made publicly available, which present CFTR in the outward-facing Sav1866-based conformation corresponding to a wide barrelshaped channel pore. This observation may not be applicable to the models reported by Alexander et al. 23 and Norimatsu et al., 24 which were generated by MD refinement (5 and 30 ns simulations, respectively, the latter being published while our study was under review) of the same Sav1866-based outwardfacing homology model. However, as neither the sequence alignment to Sav1866 nor the coordinates of either model was made available to the public, proper evaluation of their respective architectures is impossible. Having said that, of the two, the model of Norimatsu et al. 24 appears to be the closest to approximating the expected architecture of CFTR. However, as already mentioned, a possible drawback of this model is premature termination of the conductance path on the cytoplasmic side, as well as a tendency toward being too narrow in the selectivity-conferring region. 24 This is something that we took great care to avoid in our CFTR model by introducing a chloride column into our modeling scheme. Thus, our model contains both a cytoplasmic point of entry and a selectivity-conferring region that is wide enough for the passage of chloride ions. Our model provides insight into existing experimental data as well as novel predictions. From a structural perspective, the model and MD simulations propose structural and functional roles for several unaddressed residues. Especially interesting are five salt-bridge interactions suggested as important for the structural integrity of the channel-like conformation: R352-D993, R347-D924, R134-E1104, R1102-D1154, and D873-R933. While experimental evidence exists only for the first two, maintaining all five salt-bridges was found to have a positive effect on modeling outcome, where structures generated without these constraints agreed less well with experimental data as a whole. Importantly, the channel-like structure with outer vestibule, narrow region, and lower vestibule seems to require, at least in this modeling scheme, the presence of all five salt-bridges. In further support of this observation, all five saltbridges also remained stable throughout unconstrained MD. Notably, a salt bridge between R134 and E1104 is supported by the finding that R134E/Q mutations are detrimental to channel function. 50 Notably, both the R352-D993 and R347-D924 experimentally supported salt-bridge interactions are absent in the Serohijos et al. model, 20 while in the Mornon et al. model, 21 only the R347-D924 salt-bridge exists (SI Table S1 ). The latter was also reported as missing from the Alexander et al. model, 23 and its status in the related Norimatsu et al. model 24 is unknown. In addition, an experimentally supported hydrogenbond between R555 in NBD1 and T1246 in NBD2 40 is present in our model and is stable in simulation.
From a pharmacological perspective, our model reveals a common mechanism of inhibition by anionic open channel blockers, correlating with experimental results and predicting previously unaddressed interactions with pore residues. Furthermore, when tested in a virtual-screening enrichment experiment, our model performed well, suggesting that it might be reliable enough to be used as a template for discovery of novel open channel blockers, which are recognized as potential antidiarrheal therapeutics. Molecules from the Maybridge collection that score highly in this experiment show excellent pharmacophore overlap with the known blockers, suggesting that they could indeed be active as open channel blockers. Reassuringly, without the use of constraints imposing specific ligand chemistry, these compounds include chemical classes characteristic of CFTR channel blockers, such as disulfonic stilbenes, sulfonylureas, arylaminobenzoates, benzoic acid derivatives, and 3-phenylpropionic acid derivatives. 34, 51 Three such examples of high-scoring library compounds are shown in Figure 9 .
On the down side, recent experimental results, published after this work was completed, expose a limitation of the current model and modeling approach. The recent publication suggests a cross-linking distance of 7−8 Å between I344 and both K95 and K98. 52 In contrast, inter-residue distances in our model are 11.6 and 15.3 Å for K95-I344 and K98-I344, respectively, suggesting slightly different relative orientations of TM1 and TM6.
This reflects the inherent level of difficulty in modeling a channel-like conformation of CFTR from the Sav1866-based outward-facing conformation. On the one hand, the Sav1866-based conformation is not necessarily accessible to CFTR. On the other hand, the template TM region is inherently flexible, having to transition between open and closed conformations. The combination of these two issues suggests that obtaining conformational convergence would be hard and could rely heavily on modeling conditions, e.g. the experimental constraints incorporated into the modeling procedure. While we have obtained a conformation that seems to be in better agreement with experimental data than previously reported models that can be evaluated, particularly in terms of overall channel geometry and the potential for chloride ion passage, it may not be the most accurate conformation or, alternatively, it may be one of several conformations accessible to functional CFTR: a concept that is supported by recent experiments. 53 Indeed, it is also possible that some of the other published models of CFTR adopt conformations that are physically accessible, corresponding to varying degrees of conductance. We expect that as more structurally interpretable experimental data referring to the conducting state of CFTR becomes available our modeling method could be used to derive models that are increasingly more accurate.
Our method is also limited by the approximations inherent to the use of classical ROSETTA, which assumes solvation in water, and we realize that results may improve following future transitioning to newer versions of ROSETTA capable of handling a membrane environment. Still, this may not have had a critical effect on the modeling outcome given the constrained nature of the refinement and in light of the clear agreement with a large bulk of experimental data.
Finally, because the outward facing Sav1866-based conformation is not necessarily realistic for CFTR, it is unclear whether physically realistic and computationally demanding MD simulations, such as those used by Alexander et al. 23 and Norimatsu et al., 24 are a good algorithmic choice. Our less CPU intensive modeling approach essentially provides an experimentally guided conformational search mechanism, which could be followed by full blown MD refinement in an explicit lipid bilayer once the structure is much closer to its target conformation. This might be a more adequate approach in this particular case.
■ CONCLUSIONS
A channel-like model of CFTR, which may represent an ion conducting conformation, was developed through a unique modeling protocol and validated with a broad range of experimental data. MD simulations of the model proposed residues that are likely to be involved in conferring ion selectivity in the pore. Novel functional roles for CFTR residues were also suggested, including salt-bridge formation with potential structural significance and interaction with open channel blockers. It was further demonstrated that the model could potentially be utilized for drug discovery of CFTR inhibitors that could ultimately impact the development of treatments for AWD. The coordinates of our pre-MD model are provided in the Supporting Information.
■ METHODS
Prediction of TM Helices and Pairwise Alignments. We approximated the location of the TM helices in the sequence of CFTR using the TMHMM, 54 HMMTOP, 55 SPLIT4, 56 and PSIPRED 57 algorithms. Since CFTR is distantly related to Sav1866, direct sequence alignment could not accurately match the two sequences. We therefore utilized three profile-to-profile fold recognition methods to obtain sequence alignments between the TM domains of Sav1866 and those of CFTR, namely HMAP, 58 HHPRED, 59 and FFAS03. 60 Core segments of TM helices were first identified by integrating the results from the profile-to-profile alignment methods, secondary structure, and TM predictions. Subsequently, the precise helical boundaries were determined by incorporating data derived from evolutionary conservation and hydrophobicity analysis of a collection of ABC C subfamily sequences (see the SI).
Sequence Data and Evolutionary Conservation Analysis. The phylogenetic analysis by Jordan et al. 61 found that 11 other ABCC human proteins, exhibiting the same domain organization as CFTR, are CFTR's closest homologues in the human proteome. This study showed that three human ABCB proteins, which reside on a separate branch on the phylogenetic tree, also encompass two TMDs and two NBDs on the same polypeptide chain. Relying on this analysis, we collected sequences identified by the Ensembl database 62 as orthologues for these 14 human ABCC and ABCB proteins. We then excluded fragments, aligned the remaining sequences with MAFFT, 63 and constructed a phylogenetic tree using PHYML. 64 Using the phylogenetic tree, we observed that the proteins belonging to the ABCB subfamily were significantly distant from the ABCC subfamily. Therefore, we included in the final multiple sequence alignment (MSA) only the 177 sequences belonging to the ABCC subfamily. This MSA was used to compute evolutionary conservation scores with ConSurf 65 (see the SI). Structural Modeling. 1. Homology Modeling. Core segments of TM helices were identified by manually integrating the results of several profile-to-profile alignment methods, as well as secondary structure prediction and TM prediction algorithms. Subsequently, data from evolutionary conservation and hydrophobicity analyses of a collection of ABCC subfamily sequences were used to fine-tune the TM boundaries based on the following conventions: (1) residues comprising the protein core (e.g., interhelical interfaces) of TM proteins tend to be conserved 66−69 while residues facing the membrane are in most cases less vital to protein function and are thus mostly variable; (2) TM helices must possess a strong hydrophobic signal to insert into the membrane, sequestering polar and charged residues from contact with the lipid tails (see the SI for details).
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CFTR was modeled by homology to Sav1866 without the Rregion (residues 650−846) because no structural template corresponding to this section could be clearly identified. Two crystal structures of Sav1866 are available: 2HYD, Sav1866 in complex with ADP, and 2ONJ, Sav1866 in complex with AMP-PMP. These are distinguished by slight conformational changes in the region of the bound nucleotide. 2ONJ was selected as the template for homology modeling since the ATP analog AMP-PMP more closely resembles ATP, the ligand bound to CFTR in its conducting state.
An initial homology model was built with MODELLER 70 using a multiple templating approach combining the structure of Sav1866 with the higher resolution structure of the wt human CFTR NBD1 fragment (2PZE). The following constraints were used in modeling: (1) distance constraints imposing the experimentally proposed salt-bridges: R352-D993 39 and R347-D924; 49 (2) distance constraints imposing salt-bridges inferred from structural analysis of initial models generated without these constraints: R134-E1104, R1102-D1154, and D873-R933; (3) helical constraint on the TM11 insertion required to preserve pairwise distances between F508 and neighboring residues as proposed by cross-linking experiments 20 (SI Table S2 ); (4) helical constraint on TM8 to prevent unwinding due to the deletion required for D924 reorientation; (5) distance restraints between MG and ATP with the following residues: H1402, E1371, K1250, D1370, and S1251, comprising the ATP binding-site of NBD2, thus ensuring they match their corresponding catalytic residues in Sav1866; (6) A chloride ion column was inserted into the pore of the template structure of Sav1866, which was then made rigid during the modeling process. This was found necessary to prevent the collapse of the channel pore during the next stages of refinement. The column was placed in line with the Z-axis, at X and Y equal to zero according to the 2ONJ coordinate system in the OPM database. 74 Cl − atoms were placed at a spacing equivalent to their vdW diameter, equating to a total of 36 Cl − ions in the column.
Five crystallographic water molecules, identified by their conservation in crystal structures of NBD1 and other homologous NBDs, as well as relatively low B-factors, were included in the NBD1 and NBD2 models, as previously described. 30 The regulatory insertion (RI) loop of NBD1 (residues 404− 435), which is not observable in full in any of the available crystal structures of NBD1, was modeled based on the previously generated model of Mornon et al. 21 The RI loop was excised from the Mornon et al. model, superimposed onto 2PZE, and incorporated into the model by MODELLER multiple templating.
Ten models were generated with MODELLER with slow refinement and twenty cycles of simulated annealing. Of these, three were selected for further refinement, based on visual inspection of the salt-bridge and pore-lining residues.
2. ROSETTA Refinement. TM and NBD2 regions of three different models were refined using the ROSETTA v3.1 "Fast Relax" refinement procedure, 31 while keeping the backbone of NBD1 frozen (except for the regulatory insertion loop) and applying sidechain restraints to the same salt-bridges that were restrained during model building (initial tests showed that this procedure tends to generate a collapsed pore, leading to the inclusion of a manually positioned Cl − column in the center of the channel, as described in Methods). However, due to the nature of the applied restraints, which were rotamer-based rather than distance-based, salt-bridge interactions were favored but not necessarily enforced in each of the generated models.
A total of 1200 ROSETTA conformations were generated (400 for each MODELLER output structure) and then subjected to filtering based on salt-bridge interactions. Merely 170 models passed this filtering stage, all belonging to the same conformational cluster (3 Å cutoff used for Cα clustering in ROSETTA). Analysis showed that with 400 ROSETTA conformations per MODELLER model, sampling is converged (results not shown). These models already show a more compact arrangement of the TM bundle transforming the outward-facing conformation into a more channel-like structure (e.g., see Figure 2 ).
Thirty top-scoring ROSETTA models (also showing best salt-bridge conformations) were subsequently subjected to energy minimization in Macromodel. 36 3. MacroModel Minimization of ROSETTA Models. A maximum of 10 000 cycles of PRCG minimization was performed on each model using the OPLS2005 force-field and a distance-dependent dielectric of 4. This is a trade-off between vacuum and water dielectrics, which may be more suitable for a membrane protein and is chosen here in the absence of an implicit-membrane model in MacroModel. Constraints were placed on protein dihedral angles and the position of ATP and MG atoms. Distance constraints were applied to TM salt bridges, with the Cl − column frozen. Docking. 1. Ligand Preparation. Compounds were prepared for docking using the ligand preparation option in Schrodinger Virtual Screening Workflow. 36 The regularize geometry option was selected, and Ionizer was used for generating tautomers and protonation states at pH = 7.0 ± 1.0. Ligands for enrichment analysis were extracted from the Maybridge collection using the filtering option in VSW and the following criteria: MW < 600 (known blockers range from 300 to 560 Da), hydrogen-acceptors ≤ 10, hydrogen-donors ≤ 5, number of negatively charged chemical groups ≥ 1.
2. Glide Protocol. In docking, amide bond conformations were constrained to the input geometries, strain energy correction was applied, postdocking minimization was performed for the top five poses, and at most five poses were reported for each ligand. During constrained docking, [N−] was added to the default charged acceptor SMARTS patterns to account for glibenclamide charge. An inner box size of 12 × 12 × 14 was used, centered at the midpoint between K95 and W1145 (selected following multiple tests with different box sizes and positions).
Molecular Dynamics Simulation. A 75 ns MD simulation was performed on the model of CFTR using NAMD 75 and the CHARMM-27 force-field 76 with 192 CPUs on the HECTOR Supercomputer. System setup was performed in VMD. 32 A POPC membrane was added using the MEMBRANE package and the system was solvated with TIP3P water using SOLVATE. Fourteen Cl − ions were added into the surrounding solvent environment to neutralize the system, and salt was added at a concentration of 0.15 M. The system was initially relaxed with four cycles of minimization followed by a 2.5 ns MD run, with harmonic restraints on the protein progressively relieved across the four cycles from 10 to 0 kcal mol
. The system was subsequently equilibrated for 30 ns, with 20 Cl − ions of the original 36 Cl − ion column maintained in the model, filling the channel pore from top of the outer vestibule to bottom of the inner vestibule. The ion charge was reduced to −0.05 so that the total charge would not exceed that of a single passing ion. The ions in the Cl − column were harmonically constrained using a 1 kcal mol −1 Å −2 force constant. In a second equilibration phase, which lasted 15 ns, the chloride column was removed by converting the twenty chlorides of −0.05 charge into one centrally positioned unconstrained chloride ion with a normal charge of −1. This allowed the pore to become fully solvated, effectively forming an unconstrained water column. During this period, the backbone of the protein was harmonically constrained, employing a gradually reducing force constant of 1, 0.05, or 0 kcal mol −1 Å −2 as a water column was gradually formed. Sidechains were allowed to move freely throughout the equilibration period. Equilibration was followed by an unconstrained 30 ns production run.
Here, rmsd calculations were made using the "rmsd Trajectory Tool" in VMD as well as an in-house program for calculating rmsd per residue. Plots were made with GNUPLOT.
77
Pore Analysis. HOLE2 33 was used to measure the dimensions of the model pore and was executed with default parameters, except for the following: "endrad" parameter set to 10.0, "cvect" specified as the Z-axis, i.e. the direction of the pore, and "cpoint" set as the coordinates of the most central pore chloride ion.
■ ASSOCIATED CONTENT * S Supporting Information Sequence alignment, additional details of the alignment methodology, salt-bridge analysis in current and previously published models, analysis of experimentally derived pairwise distances in current and previous models, functional and solvent accessibility data for TM6 residues, coordinates of the pre-MD model, additional analysis of MD. This information is available free of charge via the Internet at http://pubs.acs.org. 
■ ABBREVIATIONS:
CFTR, cystic fibrosis transmembrane conductance regulator; CF, cystic fibrosis; MD, molecular dynamics; AWD, acute water diarrhea; ABC, ATP-binding cassette; MSD, membrane spanning domain; ICL, intracellular loop; NBD, nucleotide binding domain; TM, transmembrane
